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Introduction
Analytical trace chemical standards are a necessary component in the development of sensors, canine training aids [1] [2] [3] [4] , laboratory or field-based analytical equipment [1, 5, 6] , or characterization of new analytical technology [7] . The complexity of vapor samples needed for these applications vary significantly in composition. For example, canine training aids for explosives, narcotics, or cadavers should not necessarily be a single chemical (e.g. trinitrotoluene, tetrahydrocannabinol, or cadaverine). Rather, the training aid should reflect the complex chemical signature of the material for which training is being conducted. In such situations, the active ingredient is often one of the least volatile components and potentially present in the lowest concentration [3, 8] . In contrast, early development and characterization of sensor materials often requires single component vapor standards to avoid convoluting nonspecific responses [9] [10] [11] [12] . Unavailability of a vapor standard for the compound of interest often forces researchers to compromise and use a simulant [13, 14] .
While liquid standards for thousands of chemicals are readily available, certified vapor standards are often difficult to obtain. No doubt, one of the greatest challenges with trace vapor standards is consistent production and a reliable means to transport and deliver the vapor to the analytical system being evaluated. Certified gas mixtures and permeation tubes can often be obtained from commercial suppliers for compounds that are widely available and that have relatively high vapor pressures [15] . However, because certified gas mixtures are often pressurized to thousands of kPa, compounds with low vapor pressures are generally avoided to prevent condensation within the gas cylinder. In the case of permeation tubes, long stabilization times, on the order of hours to days, are often necessary to reach a steady emission rate [16] . In this work a means for preparing trace vapor standards in-house is described along with a vapor delivery system.
To generate small quantities of organic vapors, a gas chromatograph was modified to vaporize small injections of analytical standards and transfer the vapor into 100 mL canisters. Aliquots of vapor could then be extracted from the canister through the use of a 6-port valve and sample loop and then analyzed or used as needed. Even though much of this discussion will focus on single component standards in a helium buffer gas, mixtures of volatile organic compounds (VOC) can also be generated by injecting a preformulated liquid mixture of the necessary components. As will be demonstrated, analytes that are solids at room temperature but have a relatively high vapor pressure (e.g. ferrocene) can be dissolved in solvent and then later separated from the solvent based on differences in vapor pressures. In the case of ferrocene, for example, solid crystals are dissolved in methylene chloride and the mixture is then vaporized in a GC inlet. The analyte-solvent vapor mixture is then cryogenically trapped in the inlet, allowing the solvent to be desorbed and discarded prior to desorbing the analyte, if desired. When the analyte is desorbed and transferred to a transport vessel the vessel pressure can be optimized to keep the analyte in the gas phase. For the purpose of this discussion, samples will be discussed in terms of quantity rather than concentration. Certainly it is often desirable to generate a constant stream of VOCs at a particular concentration, however, this work focuses on the preparation and delivery of discrete VOC aliquots. Through the use of a 100 µL sample loop, portions of the vapor contained within the 100 mL canister can be reproducibly extracted and used. With this approach, a small initial liquid injection (10 µL-250 nL) can be vaporized and stored. At a later date, a small portion of the vapor standard can be reliably extracted and delivered to provide < 20 picomoles of analyte.
Experimental

Sample Preparation
To generate small quantities of organic vapors, an Agilent 7890A GC was modified to vaporize small injections of analytical standards and transfer the vapor into a 100 mL canister. Aliquots of vapor could then be stored, transported, and utilized as needed. Specifically, an Agilent automatic liquid sampler (ALS model 7683B; Santa Clara, CA USA) was used to inject small volumes (10 nL to 10 µL) of commercially obtained liquid standards (CAS numbers provided in Table 1 ) into a standard Agilent 7890A GC split/splittless inlet held at 250°C with a splitless liner (model 5188-6568; Agilent Technologies, Santa Clara, CA USA). To reduce sample losses in the inlet, the septum purge was turned off, the outlet capped, and the inlet was set to splitless mode at 20 psig. Upon injection, vapor generated in the inlet is swept from the inlet by a helium carrier gas flow. This flow is directed through a short length (ca. 4 Instruments Inc., Simi Valley, CA USA). After an injection, sample and carrier gas were allowed to pass into the MiniCan TM for 2 minutes before the canister was disconnected and the 4-port valve was switched from "Fill Mode" (Figure 1a ) to "Flush Mode" (Figure 1b .) The 2 min. fill time is used to flush remnants of the sample from the inlet into the canister and to pressurize the canister to a 103.4 kPa (15 psig). When the 4-port valve is in "Flush Mode" carrier gas flows through the heated inlet at ca. 150 mL min -1 into an evacuated 1 L ballast canister, while the dead volume of the quick connect is evacuated with a turbomolecular vacuum pump.
Figure 1:
Valve layout for (a) 4-port sample preparation in "fill" mode (b) 4-port sample preparation in "flush" mode (c) 6-port vapor sample introduction in "sample load" mode and (d) 6-port vapor sample introduction in "sample inject" mode.
As is shown in Figure 2 , longer fill times can be used to reach higher pressures, but to maintain a positive gas flow into the canister, and reduce diffusion losses, a 2 min. fill time was used. Alternatively, the GC inlet pressure can also be varied to select a pressure in the transfer vessel.
To generate an analytical vapor of ferrocene, 1 µL of 0.2 M ferrocene, dissolved in methylene chloride, was injected into a cryogenically cooled GC inlet (model No. CIS-4, GERSTEL GmbH & Co. KG, Mülheim an der Ruhr, Germany) onto a GC inlet liner filled with 8 mg of Tenax sorbent held at -100°C. The temperature was subsequently increased to 0°C to vaporize the solvent and the inlet solvent-vent mode was engaged at 500 mL min -1 with the 4-port valve directing the flow into a 1 L ballast container for 4 minutes. After the solvent was removed the temperature was ramped to 200°C at 12°C min -1 and the 4-port valve was actuated to direct the vapor flow into a 100 mL canister for 2 min. With the Agilent 7683B ALS, liquid volumes as small as to 10 nL could be injected and vaporized with the use of an SGE 500 µL syringe (part No. 000415, SGE Analytical Science, Victoria, Australia). For small injections, the precision of sample delivered to the 100 mL canister became limited by the precision of the injection at volumes < 100 µL, shown in Figure  3 . For injection volumes of 10 nL, only the syringe needle is filled with sample. Consequently, it is not possible to visually identify the presence of bubbles in the syringe and abort the injection, as can be done with larger injection volumes. No doubt, injection reproducibility is affected by sample viscosity and transfer efficiency from the needle to the splitless liner. In this work a 1 sec. viscosity delay was found to be adequate for pure dodecane, which was considered a worst case, and was therefore used on all samples. Injection volumes up to 30 µL could be used through the use of a 100 µL syringe, but longer washout times were necessary. 
Sample Delivery/Validation
To validate the quantity of analyte in the canisters a sulfinert-coated 6-port valve (Part No. 20585; Restek, Bellefonte, PA USA) with a gas sample loop was used to sample a small fraction of the vapor in the canister ( Figure 1c ) and inject it ( Figure 1d ) into an Agilent 6890 gas chromatograph with 5975 mass selective detector (Agilent, Santa Clara, CA USA). Measured signals were compared to a GC-MS calibration curve established with conventional liquid injections. To deliver a small aliquot of vapor from the MiniCan TM transfer vessel to the GC inlet, the sample loop was first evacuated with a ballast canister and then filled with sample from a MiniCan TM . A 10 sec. equilibration time was allowed to pressurize the loop to the pressure of the canister. The 6-port valve was then actuated to sweep sample from the loop into the GC carrier stream and inject it into a cryo-cooled inlet system (model No. CIS-4, GERSTEL GmbH & Co. KG, Mülheim an der Ruhr, Germany). The use of a 6-port valve and evacuated sample loop in this fashion offers a means to reliably sample and deliver aliquots of vapor from MiniCans TM to other analytical applications. The cooled inlet could be operated at a constant temperature (e.g. 250°C) to emulate a standard GC inlet or cryogenically cooled to trap sample vapor on a sorbent bed. When cryogenically cooled, the cooled inlet can preconcentrate vapor sample and subsequently inject it onto the GC column by rapidly increasing the inlet temperature canisters so that the cleaning step did not limit the preparation of samples. Typically the manifold pressure would be cycled from ca. 1500 Torr (absolute pressure) to 10 -3 Torr six times to reduce remnants of preceding samples below the detection limit of the analysis technique (ca. 1 picomole). This cleaning procedure could easily be expanded to include heating of the canisters during the flush-and-fill cycles, although it was evaluated here at ambient temperature.
To evaluate the cleaning procedure, a canister was injected with 1.25 ng of dodecane dissolved in methylene chloride (1 µL total injection volume). Vapor was sampled from the canister with a 100 µL loop. As is shown in Figure 4 , the amount of VOC present in the canister is significantly reduced after each flush-and-fill cycle. Expectedly, the rate at which an analyte is depleted from the canister is dependent on its vapor pressure. Consequently, methylene chloride is reduced below the detection limits of the GC-MS in three cycles and dodecane is depleted after four cycles. It appears the first flush-and-fill cycle removes more analyte from the canister than subsequent cycles. This observation suggests that analyte is adhered to the canister walls even in an evacuated (i.e. low pressure) environment. The additional fill cycles no doubt introduce turbulence within the vessel capable of overcoming these wall effects. Because these samples may be used on instruments more sensitive than GC-MS, six cleaning cycles were typically used to reduce contamination below the femtomole-level limit of detection seen with conventional GC-MS instrumentation. -9 moles. After three and four flush-and-fill cycles the recovered amount of methylene chloride and dodecane fell below the detection limit of the GC-MS, respectively. The dashed line represents the theoretical amount of analyte that would be present in the vial after each wash cycle is no wall effects were present.
Results and Discussion
Effect of aliquot volume
As discussed previously, precision of measurements made between multiple canisters can be limited by injection volume. The obvious means to reduce error associated with canister preparation is to take replicate aliquots from a single canister. However, reproducibility of aliquots taken from a single canister can become limited when removing large aliquots relative to the total volume of the transfer vessel. For large sample aliquots each measurement can remove a significant amount of material from the canister and simultaneously reduce the canister pressure. Consequently, after multiple measurements from a single canister, the total amount of material in the canister is reduced and the amount of material available to fill subsequent sample loops is also reduced. The situation is further complicated because with the removal of subsequent aliquots, the pressure in the canister is decreased. For analytes that are initially near their equilibrium vapor pressure in the canister, or which may be adsorbed on the interior surface of the canister, the reduction of canister pressure can increase the vapor pressure and consequently increase the quantity of available analyte in the canister. In Figure 5 , multiple aliquots are taken from a single 100 mL transfer vessel. Integrated GC-MS signals for aliquot volumes of 10, 100 and 1000 µL are shown for replicate vessels containing 15.6 micomoles of methylene chloride and 5000 µL aliquots taken from replicate vessels containing 4.4 micromoles of dodecane. Because of the high vapor pressure of methylene chloride, dodecane was used with the 5000 µL sample loop to prevent overloading the GC column. In the case of 10 µL sample loop, reproducibility over 15 measurements was 36% RSD, with average recovery efficiency, corrected for sample loop volume, of < 1%. Replicate measurements show a stochastic pattern without a discernible trend. These poor results are attributed to poor loading of the sample loop. Because the transfer vessel pressure is used to fill the sample loop, and the small inner diameter of the sample loop results in a small pressure drop, sample is inefficiently transferred into the sample loop.
The 100 µL demonstrates reproducibility over 15 measurements of 3.9% RSD and a transfer efficiency of 13% ±0.5%. It should also be noted that the first 5 measurements made from the 100 mL canister have an RSD of 1.3%. In Figure 5b a slight upward trend can be seen after the fifth 100 µL aliquot is removed from the canister. Similarly the first three 1000 µL aliquots shows an upward trend. This upward trend is attributed to a reduced pressure in the canister and a resulting higher vapor pressure. This pattern is much more noticeable for the 1000 µL (Figure 5c ) sample loop where the measured signal trends upwards for the initial three measurements before eventually falling off. The downward trend in the latter experiments is attributed to sample depletion in the canister. As expected, this depletion phenomena is even more apparent in the 5000 µL ( Figure  5d ) sample loop experiment.
It should be noted that while the percent recovery for these samples is low (≤ 13%), the precision of the 100 µL sample loop indicates sample losses, and ultimately the quantity extracted and delivered, can be corrected for. Thus, multiple aliquots of sample can be reliably delivered from a single canister and the delivered quantity can be calibrated.
Complex vapor mixtures
As has been previously mentioned, it is often necessary to generate complex vapor mixtures to mimic real-world samples. To evaluate the performance of the described system to generate vapor mixtures varying in chemical composition and concentration, two mixtures were gravimetrically prepared and loaded into MiniCans TM . Results from the analysis of the mixtures are provided in Table 1 . To avoid chemical reactions in the liquid phase prior to vaporization, each mixture was prepared immediately (i.e. < 2 hrs) before the sample was prepared.
The samples were initially measured with a 100 µL sample loop, but to measure the low end of the concentration range, a second measurement was made with a 5 mL sample loop. Percent recovery was calculated for each analyte accounting for the sample loop volume. The amounts delivered for the various analytes varied from 10 -8 to 10 -11 moles. When the 5 mL sample loop was used, a calculated 10 -6 moles was delivered for the most abundant two analytes in either mixture. However, the limited dynamic range of the GC-MS prevented the quantitation of this concentration range. It should be noted that even though a two step (100 µL and 5 mL sample loop) validation is necessary to cover the six-decade dynamic range of the complex mixture sample, this is a limitation only of the analysis technique and not the sample preparation method.
With the notable exception of (-)-carvone, measurements showed good vial-to-vial reproducibility with relative standard deviations ≤ 10%.The percent recovery varied from 35-21% and 54-20% for the first and second mixtures, respectively. There is not a clear connection between an analyte's chemical class and its percent recovery. For example, in the second mixture, n-octane and dodecane represent the high and low ends of the percent recovery scale (i.e. 52.3% and 21.8%, respectively). The greatest sample loss is attributed to wall effects within the canister. It is suspected that the differences in recovery are due to a combination of vapor pressure, concentration, and chemical class.
A single parameter does not account for the differences. Based upon these results, artificial vapor mixtures can be prepared in house to accurately represent the natural headspace of real-world materials. To demonstrate this approach, 1 µL of 0.2 M ferrocene, dissolved in methylene chloride, was injected into a cryogenically cooled GC inlet held at -100°C. The temperature was subsequently increased to 0°C to vaporize the solvent with the 4-port valve directing the column flow into a 1 L ballast (Figure 1a ). After the solvent was removed the inlet temperature was ramped to 200°C and the 4-port valve was actuated to direct the vapor flow into a 100 mL canister. The vapor was then collected and evaluated as previously described.
In the described experiment, a 5 mL aliquot of the MiniCans TM vapor was sampled and measured, delivering 19 picomoles of ferrocene (   Table 2 ). For the GC-MS used in this work, the limit of quantitation for ferrocene is 10 picomoles, however, smaller sample loops could be employed to deliver smaller quantities for more sensitive detection schemes. For example, the 100 µL loop, which provided the most reproducible results in other experiments, would deliver ca. 380 femtomoles of analyte. It should also be noted that the solvent, methylene chloride, was not completely eliminated, but it was reduced to only 25% that of ferrocene. This experiment was repeated with three separate injections into separate canisters and each canister was analyzed. It is noteworthy that the relative standard deviation of ferrocene measured between three separate MiniCans TM was only 1.0%. The higher RSD for methylene chloride along with the small amount delivered suggests that a trace quantity of solvent was trapped with the ferrocene in the cryogenic inlet. During the initial temperature ramp to drive off the solvent, solvent trapped as inclusions in the ferrocene would not have been vaporized. 1.01
Conclusions
A simple modification to a standard Agilent GC-MS has been described that allows for the generation of trace vapor standards. The described apparatus allows for vapor standards to be transferred to canisters such as the Entech MiniCan TM which can then be transported or stored for later use. Canisters used in this work were 100 mL silanized stainless steel MiniCans TM but larger or smaller canisters could be substituted to change analyte concentration in the final transfer vessel and ultimately the final quantity delivered. No doubt, the surface-to-volume ratio of the canister would influence wall effects observed in this work. Work performed at the US Naval Research Laboratory utilized only a portion of the canister volume allowing multiple measurements to be taken from a single canister, and small discrete aliquots of sample to be measured with precisions of 1% RSD for many analytes. The apparatus described permits vapor samples to be tailored for a single component present in a buffer gas or a complex mixture of compounds. Trace quantities (i.e. ≤ picomole) of low vapor pressure analytes can be delivered with the described technique with precision between replicate canisters of ca. 1.0% RSD.
A clear benefit of the described approach is the flexibility it offers. For example, the quantity of delivered sample can be tailored by changing the sample loop volume, and the selection of buffer gas is only limited by its compatibility with the GC pneumatic system used to fill the canister. Moreover, multiple valves can be assembled in series with different volume sample loops to allow the addition of a larger volume of low vapor pressure analyte to a small volume of high vapor pressure analyte. In this way gas mixtures can be prepared online and unrestricted by the vapor pressure of any one analyte in a single canister. Based upon the results described here, artificial vapor mixtures can be reliably prepared in house to accurately represent the natural headspace of real-world materials.
